Abstract-Cloud Modulation (CM) is a novel transmission method that mitigates the non-linear impairments introduced by the Radio-over-Fiber (RoF) links of a distributed antenna system. In CM, constant-envelope phase-modulated radio symbols are transmitted over the fiber fronthaul to mitigate the non-linear distortion originated by the opto-electrical interfaces, optical fibers, and RF power amplifiers. In contrast to contemporary distributed antenna systems, where the amplitude modulation of the radio signal is already present at the input of the RoF link, the amplitude modulation of received CM symbols is achieved over-the-air by selecting the remote antenna unit that should be active at each time symbol. The propagation characteristics of the wireless channel, whose diffuse nature is typically represented with the cloud metaphor, creates the desired amplitude modulation and motivates the name of the proposed transmission method. The guidelines to design CM alphabets for different hybrid fiber-wireless scenarios are presented. Notable performance gains are observed when CM is compared to a joint transmission coordinated multi-point scheme in presence of similar levels of non-linear distortion in the RoF fronthaul.
I. INTRODUCTION
Wireless systems using Millimeter Wave (MMW) frequencies have abundant spectral resources to address the forecast data traffic growth [1] . However, the propagation of radio signals in MMW bands is very different to what has been experienced so far [2] . At higher frequencies, diffraction losses are huge and specular reflections seldom exist. Moreover, since large antenna arrays are necessary to build narrow beams that overcome the strong path loss, most of the multipath propagation is filtered out [3] . The lack of strong multipath propagation limits the time-and frequency-selectivity of the MMW radio channel and, as a consequence, the diversity gain that transmit diversity can exploit [4] . Moreover, since transmission power generation complicates as the carrier frequency grows, MMW systems are expected to be power(noise)-limited rather than bandwidth(interference)-limited. Therefore, a large number of distributed transmission points with will be needed to serve a small number of users. In this context, Cloud Modulation (CM) appears as a novel distributed transmission method that takes into account the limitations of the non-ideal fronthaul network to implement this multi-point cooperation.
In a Radio Access Network (RAN) with distributed antennas, the generation of the high-frequency radio signals at a Centralized Base Station (CBS) has several advantages [5] . On one hand, since all digital (and part of the analog) signal processing is done at a common place, communication resources can be dynamically shared according to the spatial load of the RAN. On the other hand, the cost of Remote Antenna Units (RAUs) is minimized, making it possible to deploy a massive number of antennas since they only need to amplifyand-forward the received analog signal [6] . In this centralized RAN architecture, high-capacity low-latency links are needed to connect the CBS with the RAUs. To implement such fronthaul network, optical fibers are the natural choice since they introduce low-attenuation and support a large bandwidth.
The transmission of analog radio signals over an optical fiber has several advantages with respect to the digital transportation of I/Q baseband signals using the Common Public Radio Interface (CPRI) [7] . For example, analog Radio-over-Fiber (RoF) does not expand the bandwidth of the information-bearing signal, does not introduce notable delay in the fronthaul transportation, and keeps the cost of RAU hardware low. However, the main challenge of analog RoF links is the non-linear distortion that the different optical and electrical components (i.e., laser diode, optical fiber, and RF power amplifier) introduce. The simplest way to address this impairment consists in limiting the dynamic range of the radio signal that is transported, such that there is a low probability of having an instantaneous power peak outside the linearresponse region of the fronthaul. Due to that, the use of M -ary Phase Shift Keying (MPSK) on analog RoF links enables a higher mean RF power than the use of M -ary Quadrature Amplitude Modulation (MQAM). This is because the Peakto-Average Power Ratio (PAPR) of MPSK is few dBs lower than the one of MQAM [8] . Moreover, CM improves the minimum distance between received symbols by associating each transmitted symbol with a single active RAU, generating the desired amplitude modulation over-the-air according to the mean path loss attenuation that the RAU wireless link experiences. This paper studies the Symbol Error Rate (SER) of different CM alphabets and, based on the SNR gain that is obtained when compared to Joint Transmission (JT) Coordinated Multi-Point (CoMP), different design guidelines are provided to take full advantage of the distributed RAUs.
Though there are similarities between CM and Spatial Modulation (SM) [9] , there are key differences between them as well. For example, SM assumes co-located antennas, a wireless channel with strong multipath, no Channel State Information (CSI) in transmission, and enough intelligence in reception to identify the transmit antenna that was activated at each symbol time. In CM, on the other hand, both input message and long-term CSI are jointly used to select the RAU that should transmit each phase-modulated symbol. Moreover, the CM receiver is dumb in nature (i.e., unaware of the activation of different RAUs), and applies Maximum Likelihood (ML) detection like if Asymmetric Phase Shift Keying (APSK) symbols were actually transmitted. Note that CM cannot be seen as a transmit diversity method because the degrees of freedom that the multiple RAUs provide are used to generate an amplitude modulation over-the-air, rather than to combat the fast fading component of the wireless channel (that is negligible in MMW scenarios with large antenna arrays).
The rest of the paper is organized as follows. Section II presents the distributed antenna system and the signal model for both JT-CoMP and CM. Section III presents the guidelines to design CM alphabets of different orders, and derives closed form approximations for the SER obtained in each case. Section IV shows the performance gain of CM when JT-CoMP is used as baseline. Finally, conclusions are drawn in Section V.
II. SYSTEM MODEL
The model of a simplified distributed antenna system is illustrated in Fig. 1 . The system contains a CBS, a single-fiber (tree-like) fronthaul network, two RAUs, and a single Mobile Station (MS). In this Centralized RAN architecture, Subcarrier Multiplexing (SCM) is used to transport the radio signals intended to the different RAUs. Each of these passband signals are transported on a different Intermediate Frequency (IF), using the same fiber and optical wavelength. The SCM option is the most cost-effective solution since it enables the direct modulation of the laser diode, whose typical upper bound modulation limit is around 3 GHz, and the use of low-cost components for frequency conversion at the RAUs [10] .
The combined non-linear responses of the electro-optical interfaces (i.e., laser diode and photodetectors), optical fiber, and RF Power Amplifiers (PAs) limit the dynamic range of the radio signals that are transported. Therefore, to improve the mean transmission power of the distributed antenna system, PSK symbols are transmitted over the analog RoF link since they possess a lower PAPR than their QAM counterparts [8] . In this paper, two different schemes are considered: JT-CoMP and CM. For JT-CoMP, the same input symbol s i appears in the transmission chain of both RAUs. In case of CM, on the other hand, the input symbol s i is only transmitted from one RAU according to the mean path loss attenuation that it has.
A. Joint Transmission Coordinated Multi-Point
Coordinated Multi-Point transmission technology enables the cooperation of multiple RAUs to serve a common mobile user [11] . In JT-CoMP, the same complex symbol s i is simultaneously transmitted from K RAUs to improve the mean SNR in reception, as illustrated in Fig. 2 (left-hand side panel). Since coordination takes place on a radio sub-frame basis, the same cooperative set of RAUs is activated to transmit the different data symbols that constitute the information block.
Based on the previous considerations, it is possible to show that received signal in case of JT-CoMP can be written as
where h ∈ C K×1 is the channel gain vector, w ∈ C K×1 is the distributed transmit beamforming vector, and z i is additive white Gaussian noise with power P N . Note that w is a function ofĥ, which is the CSI available in transmission. For example, for Maximun Ratio Transmission (MRT), w MRT =ĥ * / ĥ . Similarly, w TAS = (0, . . . , 0, 1, 0, . . . , 0) T for Transmit Antenna Selection (TAS), where the position of the non-zero component identify the RAU with best channel gain. Note that in low mobility environments with strong LoS, downlink (long-term) CSI can be either estimated from the uplink pilot signals or reported by the user over a low-rate feedback link.
The performance gain of JT-CoMP decreases monotonically as the channel power imbalance condition between RAUs increases [12] . However, a different effect is observed in CM, since the RAU that is activated depends on the message m i that needs to be transmitted at each symbol time.
B. Cloud Modulation
In CM, phase modulated radio symbols are transmitted over the analog fiber fronthaul, and only one RAU is activated to transmit each of them. The selection of the active RAU is done according to the amplitude modulation level that is desired in the received CM symbol, as illustrated in Fig. 2 (right-hand side panel). This way, the minimum distance between received constellation points is increased and the SER is improved. The received CM constellation resembles an APSK constellation, with a separation between constellation rings that depends on the mean transmit power, average path loss attenuation, and numbers of radio symbols transmitted from each RAU [13] .
Let K be the ordered set of RAU indexes with respect to the mean received signal power, starting from the weakest (farthest) and ending with the strongest (nearest) RAU. Then, the received signal when CM symbol c i is transmitted becomes
where v k ∈ R K×1 is a vector with a non-zero element in position k, and s (k,m) is the m-th complex symbol from the MPSK constellation that is associated to RAU k. Note that there is a one-to-one mapping between c i and ordered pair (k, m), which should be designed to match the channel power imbalance condition that exists between RAUs.
The symbols s (k,m) transmitted from RAU k are modulated in phase, and can take any of the M k elements of alphabet
with a phase rotation given by
Note that M k does not need to be an integer power of 2. However,
N b should be verified to transmit an integer number of bits N b per CM symbol c i . Moreover, M k ≤ M l should hold for any k ≤ l, since the indexes in K appear in ascending order with respect to the received power.
It is important to highlight that the use of phase-modulated symbols in the analog RoF fronthaul enables a higher total irradiated power from the distributed set of RAUs (for the same level of non-linear distortion). This is because the PAPR in MPSK is lower than in MQAM [8] and, due to that, MPSK modulation requires a lower power backoff to make the fiber fronthaul work in its linear-response region. Apart from non-linear distortion, it is assumed that the fronthaul does not introduce any notable impairment (i.e., the effect of propagation delay or noise in the fronthaul is negligible with respect to the one introduced in the wireless channel).
III. ANALYSIS OF DIFFERENT CM SCHEMES
The selection of the CM configuration depends on the individual mean received SNR measurements (γ k ) that the common MS estimates (and reports) from each RAU k in range. Once this long-term information is available in transmission, the CBS determines the most convenient number of phase-modulated symbols to be transmitted from each RAU (see Section II-B). The objective could be the maximization of the spectral efficiency (for fixed transmission power), the maximization of the energy efficiency (for fixed target data rate), or the optimization of any other relevant parameter from the link level perspective of the distributed antenna system. In all these cases, closed form approximations are needed to characterize the SER of CM for different M and |K|.
A. Symbol Error Probability and SNR Gain
Let us assume that message m i can take M values. Then, the received SER with ML detection is upper bounded by
where d i,j is the distance between received complex constellation points s i and s j , and
2 /2 dx. Note that the Right-Hand Side (RHS) term in (5) is due to the union bound, assuming that information symbols are equally likely. The performance of CM is evaluated using the SNR gain G[dB] = 10 log 10 γ CM (P e ) − 10 log 10 γ JT (P e ) , (6) which measures the difference between the SNR levels (γ) that CM and JT-CoMP need to attain a given SER (P e ).
B. Two Remote Antenna Units (|K| = 2)
Let h k be the complex channel gain from RAU k to the MS, and let γ k = p k |h k | 2 /P N be the individual received SNR when transmission power of the RAU is p k . Let r 1 and r 2 be the indexes of the weakest and strongest RAUs, respectively, i.e.,
Then, the power imbalance condition between both RAUs is
where L r = 1/E{|h r | 2 } is the mean path loss attenuation between RAU r and the common MS. Note that the mean received SNR in this situation equals γ tot = q r1 γ r1 + q r2 γ r2 , where q r = (M r /M ) is the probability that RAU r is activated in transmission or, equivalently, the probability that received CM symbol is located in the r-th constellation ring (with individual mean received SNR equal to γ r ).
Let S (1) and S (2) be the set of symbols transmitted from RAU r 1 and r 2 , respectively. Then, the minimum distance between any pair of symbols on the same r-th ring is 
whereas the minimum distance between any pair of symbols that belong to ring r 1 and r 2 , respectively, is
Both (9)- (10) can be rewritten as function of γ tot by using
Finally, using a modified version of the nearest neighbor approximation, the SER for CM with |K| = 2 becomes
C. Larger Number of Remote Antenna Units (|K| ≥ 3)
We now extend the previous analysis for a distributed antenna system with an arbitrary number of RAUs. When |K| ≥ 3, the power imbalance condition should be measured for each pair of RAUs with indexes k and l in set K, i.e.,
The minimum distance between constellation points in ring r k is given by (9) , whereas the minimum distance between constellation points in rings r k and r l attains the form
Finally, using the modified nearest neighbor approximation,
results, which becomes a function of γ tot by replacing
IV. SIMULATION RESULTS
The simulation scenario assumes a LoS condition between each RAU and the common MS. The combined effects of the transmit power p k , mean path loss L k , and noise power P N are merged together into the mean received SNR γ tot . The different CM configurations are represented by an ordered sequenced of |K| integer values, (M 1 , . . . , M k , . . . , M |K| ), where the k-th element represents the number of phase modulated symbols transmitted from RAU k. Since the indexes of RAUs are ordered from weakest (farthest) to strongest (nearest),
In case of JT-CoMP, all the RAUs are constantly active using transmission power p k /|K|. This per-RAU power constraint is due to PAs of RAUs have different locations; therefore, the distributed antenna system cannot allocate its total sum power arbitrarily among RAUs. Moreover, we assume that the CBS does not have short-term co-phasing information in transmission and, due to that, the use of JT-CoMP increases the sum power of the system but does not provide any transmit beamforming gain. Since the PAPR difference (in dBs) between MQAM and MPSK depends on both constellation size and pulse shape (rolloff factor) [8] , any fair comparison between both schemes should also take into account the power backoff that is needed to make the fronthaul network work in its linear region. In all cases, ML decoding is used in reception assuming that the MS knows the details of the transmission method that is used. Figure 3 shows the SER of different CM configurations when M = 16 symbols are transmitted with up to 4 RAUs in the following channel power imbalance scenario: σ 2,1 = 7 dB, σ 3,2 = 2 dB, and σ 4,3 = 2 dB. In all cases, the performance of JT-CoMP with 16-PSK is the baseline because the PAPR of MPSK is identical regardless M . The SNR gain (i.e., the horizontal shift on SER curves) that is observed for the different CM configurations is approximately 1.5 dB, 2.5 dB, and 3.0 dB for CM (8, 8) , CM (4, 4, 8) , and CM (4, 4, 4, 4), respectively. As expected, the SNR gain of CM depends on both the SER target value and the channel power imbalance condition. Here, simulated point values ( * ) are included as validation of the closed form expressions that were derived. reduced to 0.46 dB, and it is achieved when σ 2,1 = 8.95 dB. In this latter situation, there is a positive SNR gain when channel power imbalance is between 8 and 10.5 dB. In the lower panel, three different CM configurations are evaluated: CM (8, 8) , CM (4, 12), and CM (2, 14). As expected, the SNR gain of CM increases with the number of information symbols M . Moreover, as M grows, there are more CM configurations that can be used and, as a result, the power imbalance range with positive SNR gain increases as well. In this precise example, a positive SNR gain is observed for σ 2,1 between 0 and 16 dB. Finally, Fig. 5 shows the performance gain for CM when M = 16 symbols are transmitted using |K| = 4 RAUs. For illustration purposes, only the CM (4, 4, 4, 4) configuration is analyzed assuming a different power imbalance condition between RAU pairs. As expected, medium values for σ 2,1 should be favored to ensure a good separation between constellation points located on the 1 st and 2 nd rings (σ 2,1 ≈ 6 dB). It is also observed that σ 3,2 does not need to be as large as σ 2,1 to ensure good separation between constellation points on 1 st and 3 rd rings (σ 3,2 ≈ 2 dB). Last but not least, since the minimum distance for constellation points on the 4 th ring does not vary significantly with σ 4,3 , this latter parameter can take values in a broader range without impacting the SER of the CM scheme that much (σ 4,3 ≈ 3 dB). A convenient value for σ 4,3 is usually larger than σ 3,2 but, in any case, smaller than σ 2,1 .
V. CONCLUSION A novel transmission method, known as CM, was presented to improve the performance of a distributed antenna system with centralized processing and non-linear analog RoF fronthaul. The performance gain of different CM configurations was evaluated using JT-CoMP as reference. It was shown that CM provides notable gains when the individual received SNR from the different RAUs varies significantly. CM is a good option for indoor MMW wireless systems, where multiple (constant) LoS links with different mean received power may be exploited to serve each user. Therefore, in presence of ultra-dense distributed antenna systems, the selection of the active set of RAUs represents another degree of freedom that can be exploited to generate over-the-air amplitude modulation and increase as such the achievable data rate. This improvement is obtained without augmenting the non-linear distortion that the analog RoF link would introduce (due to higher PAPR) when transporting QAM signals instead of PSK ones.
